This paper introduces the first tunable ferroelectric capacitor (FeCAP)-based unreleased RF MEMS resonator, integrated seamlessly in Texas Instruments' 130nm Ferroelectric RAM (FeRAM) technology. An array of FeCAPs in this complementary metal-oxide-semiconductor (CMOS) technology's back-end-of-line (BEOL) process were used to define the acoustic resonance cavity as well as the electromechanical transducers. To achieve high quality factor (Q) of the resonator, acoustic waveguiding for vertical confinement within the CMOS stack is studied and optimized. Additional design considerations are discussed to obtain lateral confinement and suppression of spurious modes. An FeCAP resonator is demonstrated with fundamental resonance at 703 MHz and Q of 1012. This gives a frequency-quality factor product • = 7.11 × 10 11 which is 1.6x higher than the most state-of-the-art Pb(Zr,Ti)O3 (PZT) resonators. Due to the ferroelectric characteristics of the FeCAPs, transduction of the resonator can be switched on and off by adjusting the electric polarization. In this case, the resonance can be turned off completely at ±0.3V corresponding to the coercive voltage of the constituent FeCAP transducers. These novel switchable resonators may have promising applications in on-chip timing, ad-hoc radio front ends, and chip-scale sensors.
INTRODUCTION
Tunable high-Q, small footprint resonators have great potential in both mature and emergent fields such as radio frequency (RF) components 1, 2 and communication 3 , timing 4, 5 , sensing [6] [7] [8] , and imaging 9 .
The demanding performance of these devices and systems, alongside requirements for miniaturization, lower power consumption, and lower cost, has pushed
the limits on what conventional technology can achieve 10 . schematics of a single unit cell is shown in Fig. 1(a) .
The resulting dispersion relation for the acoustic modes in the CMOS stack is shown in Fig. 1 shown that driving along kx=π/a is beneficial for reducing scattering to the sound cone, enabling higher
In the meantime, the farther away the activated mode from the sound line, the better confinement the resonator will achieve.
Hence, Fig. 1(c) shows a vertically confined mode at 700 MHz where the strain is well contained in the FeCAP, W via and Cu metal. To optimize lateral confinement of the acoustic mode, termination of the acoustic waveguide in the plane of the wafer must be carefully considered. In Design A ( Fig. 2(a) ), the resonator is abruptly terminated at either end of the transducer region, leading to larger impedance mismatch, and subsequent scattering loss.
In Design B (Fig. 2(b) Thus, to avoid scattering losses along ⃗⃗⃗⃗ direction, as shown in Fig. 2(c) , traditional discrete vias are replaced with continuous, rectangular, "wall-like" vias. 
EXPERIMENTAL RESULTS AND DISCUSSION
The ferroelectric properties of the FeCAP were first characterized to investigate PZT film behavior.
Polarization-Electric field (P-E) measurement was carried out on a Radiant Technologies RT66C
ferroelectric tester, shown in Figure 4 Fig. 5(a) ). For Design B, the same resonance mode is found at 722
MHz but Q increased to 657 (brown line in Fig. 5(a) ).
Then, due to mass-loading from the added W volume, the resonance frequency for Design C shifts down to 703 MHz and Q increases to 1012. With an f·Q product of 7.11×10 11 (blue line in Fig. 5(a) ), the performance is 1.6x higher than the most state-of-theart PZT resonators. In addition, the resonator is monolithically integrable with CMOS platform 10 .
The dependence of 11 on poling voltage is shown in Fig. 5(b) varying from -1.5V to 0.2V on both port 1(+) and port 1(−). The resulting 'butterfly'-shaped 11 magnitude variation at resonance with poling voltage is shown in Fig. 5(c) . The magnitude of 11 reaches a minimum when all the transducers are biased at ±1.5V. Additionally, piezoelectric transduction is suppressed when the device is biased at the FeCAP coercive voltage of ±0.3V (Fig. 5(d) ). Here, 0 is defined as the geometric capacitance of the structure which is valid for a fixed poling voltage.
In the meantime, 1 and 2 model any resistive losses from leakage in the FeCAP and routing, respectively. The equivalent circuit parameters fitted to the measured data for design C under a poling voltage of -1.5V is shown in Figure 6 (b). The corresponding circuit parameters is summarized in Table 1 . This corresponds to an f·Q of 7.11×10 11 .
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